We have developed a storage bottle for ultracold neutrons (UCN) in order to measure the UCN density at the beamports of the Paul Scherrer Institute's (PSI) UCN source. This paper describes the design, construction and commissioning of the robust and mobile storage bottle with a volume comparable to typical storage experiments (32 L) e.g. searching for an electric dipole moment of the neutron.
Introduction
Ultracold neutrons (UCN) are neutrons with kinetic energies below about 350 neV, corresponding to a temperature of about 4 mK. Such neutrons are reflected under all angles of incidence from surfaces of suitable materials. Therefore, UCN can be confined in material containers, dubbed 'storage bottles', in which storage times of several hundreds of seconds are possible and ultimately limited by the neutron beta-decay lifetime of 880 s. This unique feature makes UCN ideal to study fundamental properties of the neutron in precision experi-ments [1] like most prominently in the search for an electric dipole moment of the neutron (nEDM) [2] [3] [4] [5] [6] or the determination of the lifetime of the free neutron [7, 8] , the measurement of neutron decay correlations [9] [10] [11] or the investigation of neutron states bound in the Earth's gravitational field [12] [13] [14] .
The precision of such experiments is limited by the number of UCN available to the experiment. Hence, worldwide efforts to provide higher intensities of UCN are under way. In addition to the ILL PF2 facility [15] , which has been leading the field during the last 30 years, several new UCN sources are already in operation [16] [17] [18] [19] .
At the Paul Scherrer Institute (PSI), Villigen, Switzerland a new UCN source was constructed and has been in operation since 2011 [19] [20] [21] [22] .
One important benchmark parameter for the performance of a UCN source is the available UCN density which can be stored in an external experiment.
In order to determine the UCN densities at different beamports or sources in a consistent way, we have constructed a mobile storage vessel.
Design and construction of the storage experiment
In a first attempt, using the prestorage vessel from Ref. [23] , which is a NiMo-coated glass tube, and two beamline shutters, UCN densities larger than 20 UCN/cm 3 were measured at PSI's West-1 beamport [24] . However, these measurements were limited by UCN shutter actuation times and UCN losses during actuation.
The main goals for a new storage setup were: construction using commercially available stainless steel (SST) tubing, mobility of the setup and hence a necessary certain robustness of construction, fast shutters without unnecessary UCN losses via openings during movement. The overall volume of the setup should be similar to a typical storage vessel employed in a nEDM measurement, i.e. larger than 20 L, and have a Fermi potential (V F ) on the surface well suited for UCN storage. The employed stainless steel alloys have a calculated V F of about 188 neV. The Fermi potential in the UCN storage chamber of the currently best nEDM experiment is given by "deuterated polystyrene" used as coating of the electrical insulator (V F =161 neV [25] ).
UCN shutters
Two butterfly-valve-type shutters with 200 mm opening were designed and built. One is depicted in Fig. 1 Opening and closing times of less than 100 ms were measured using a series of high speed camera pictures as shown in Fig. 3 .
Using a duration t of the movement of 100 ms and a radius r of the bottle of 100 mm, the maximum speed of the outer edge of the shutter blade during movement is 1.57 m s −1 , which is considerably slower than the UCN velocities in the bottle and hence has only a small influence on the stored UCN density.
Storage bottle
A 1000.0(5) mm long stainless steel tube, ID=200 mm, OD=204 mm, complying with DIN 11866, with a specified inner surface roughness of R a < 0. The shutters are mounted in a support structure made from aluminum profiles, which provide a solid, flat pedestal and simplifies handling during assembly.
At the flanges of both shutters 150(1) mm long SST extension tubes are 
Timing control
The opening and closing sequence for the two shutters needs to be configurable and reproducible in order to perform UCN storage measurements.
5 V TTL signals are used to control the air flow to the pneumatic actuators.
The shutters go into the closed state when no signal (0 V) is present.
In the measurements described here, an Arduino Due board 2 is used for the timing logic. The board is based on a 32-bit micro-controller running at a clock speed of 84 MHz and can be programmed using the C programming language and a hardware abstraction layer provided as open source software. This makes it very simple to implement a deterministic real-time capable digital controller.
Due to the high clock speed, cycle times of 100 µs are easily accomplished.
The program flow is the following:
1. A counter is being increased every 100 µs starting with the rising flank of the trigger input. shutter. The counter is reset to zero and the trigger flag is set to false, waiting to be triggered again.
All timing parameters are set through a serial connection from a PC. Manual operation of the two shutters is also possible.
A custom-made 10 channel galvanically-isolated TTL driver card is used to convert the 3.3 V output of the micro-controller board to 5 V. The decoupled 5 V outputs then drive the TTL inputs of the two UCN shutters.
Commissioning of the setup
A set of measurements at the West-1 beamport at PSI was performed in fall 2014. The big Cascade UCN detector was used in this measurement. The commissioning measurements were done while the PSI source was operating with a proton beam pulse of only 3.2 s length and a pulse length to repetition time ratio optimized for the nEDM experiment which is mounted at the South beamport. These operating conditions were not well suited for UCN density measurements at that time, as they had to be done parasitically to nEDM data taking.
UCN transmission
The UCN transmission of the storage bottle, the shutter, and the connecting tubes was measured by comparing 2 setups. After a first measurement with the detector connected directly to the beamport, the storage bottle was inserted between the detector and the beamport for a second measurement. The transmission is then calculated, similar as done in [23] , as the ratio of counts obtained in the two measurements. Measurements in both configurations were repeated several times. Since the UCN source output for different proton pulses fluctuates more than standard counting statistics, the standard deviation of the mean was used as uncertainty.
The proton pulse onto the UCN spallation target in these measurements was always 3.2 s long with a repetition time of 340 s at 2.2 mA beam current.
Proton current variations are accounted for in the analysis. UCN were detected continuously, but a delayed time range for counting UCN was chosen with a length of 230 s starting at 10 s after the end of the proton pulse. This guaranteed that only storable UCN were counted, as during the proton pulse also faster neutrons and other background events may have been detected.
With the detector directly mounted to the beamport about 1 × 10 7 UCN were counted per pulse in the total time range and 7.0 × 10 6 UCN in the delayed time window; after mounting the storage bottle the respective UCN counts were about 8 × 10 6 UCN (total window) and 5.7 × 10 6 UCN (delayed window).
Correcting for a small difference in proton beam current between the measurements, this results in a UCN transmission of 81.7(1) % caused by the Fermi potential and surface conditions of the storage bottle and unavoidable small gaps between various UCN guiding parts of the setup.
UCN leakage
The two shutters are not completely tight with respect to UCN. Comparing the UCN rate in the detector measured with both shutters open to the UCN rate with one shutter closed, one finds a UCN leakage between 1 % and 2 % for both shutters. Figure 6 shows the measured UCN leakage rates of the two shutters over time. to an apparent slow rise of the leakage rate over time. The low leakage rate at short times after the end of the proton pulse is due to the obstruction of the direct UCN flight trajectories to the detector by the closed shutter, which causes a delayed UCN arrival.
UCN storage
The filling time of the bottle was optimized with 5 s storage measurements. The UCN leakage of the shutters made a correction of the measured counts necessary. The UCN counts in the detector were integrated starting from the time when the second shutter was opened until about 260 s after the end of the proton beam pulse. The leakage counts were determined in an measurement which was identical except that shutter 1 stayed closed all the time. Ultracold neutron densities can easily be calculated by dividing the UCN counts after a selected storage time with the total volume of the storage. Be- cause of the described measurement conditions, mainly due to the short proton pulse length, only half the UCN density compared to previous measurements in Ref. [24] was observed. Dedicated UCN density measurements with the storage bottle described here, will be reported in a forthcoming publication.
Small detector
The measurements were subsequently repeated and confirmed with the small Cascade detector, which was connected to the bottle using a straight 300 mm piece of NiMo-coated acrylic tube with 100 mm inner diameter. The measured storage curve is shown in Fig. 10 . Again, using a double-exponential fit function we obtain the results given in Tab.1. The smaller extraction opening and detector area show no significant influence on the 'relevant' slow component, which represents the UCN storable for longer observation times.
Summary
We designed and constructed a storage experiment made from stainless steel components in order to have a mobile and robust setup with fast shutters, to determine UCN densities at various beamports. The storage bottle was successfully commissioned at the West-1 beamport of the PSI UCN source. The UCN performance characteristics of the storage bottle, namely UCN transmission and storage times were determined for the PSI UCN beam characteristics.
Measured integral UCN counts and the known bottle volume can hence be used to derive UCN densities for selected storage times.
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